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Introduction 




Durinp, more than 300 years of observing the heavens with the 
telescope , only optical astronomy has explored the universe. How- 
ever, in the second third of our century astronomy has acquired 
new eyes for observing the cosmos. The development of radioastro- 
nomy and later the advent of space travel have opened up unexpected 
regions of the electromagnetic spectrum and have made astronomy 
less dependent or the optical window into the universe. 

The first step was taken by Jansky in 1931 when he discovered 
the ultrashortwave radiation from the Kllky Way while seeking 
the source of atmospheric disturbances of radio reception. However, 
it was only in 19*46 after the Second World War that the first radio 
source Cyg A was discovered. In 19^9 Tau A was identified with an 
optical object, namely the Crab Nebula. 

The peaceful use of VC rockets was the signal for opening up 
the atmospheric mantle which surrounds us. The x-ray region of the 
electromagnetic spectrum was the first such extraterrestrial region 
to be investigated. In 19^8 solar x-ray radiation was discovered 
by means of films carried outside the Earth's atmosphere by an 
aerobee rocket. During the next 10 years more precise investiga- 
tion of solar x-ray radiation disclosed that possible stellar flux 
laj: far below what could be detected at that time. Thus, in 1962 
Glacconl et al (Giacconl 62) attempted to measure the fluorescence 
radiation of the Moon. On this flight, the first extrasolar x-ray 
source, Sco-Xl, the strongest source in the x-ray firmament, was 
accidentally discovered in the neighborhood of the galactic center. 
Assuming that the radiation came from a nearby star (approximately 

10 narsecs distance) , it was necessary to postulate a star with an 

8 

x-ray luminosity 10 times greater than that of the sun— a pheno- 
menon previously unknown and totally unexpected. 


’'Numbers in margin Indicate pagination of 


foreign text. 
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Purtihor rocket and balloon fliphtu followed in the next few — - 
years. The Moon oceuli;ition experiment by Bowyer ot al, 1961| 

(Bowyer 6i|) is noteworthy since it involved the first successful 
Identification of an x-ray source, again tins Crab Nebula. 

In 1970, the firsv x-ray satellite, UnURU, was launched and 
more than circa 300 cosmic x-ray sources were catalofsiod. Further 
satellites were placed in orbit. Today several thousand x-ray 
sources are known which have the most varied emission mechanisms; 
remnants of supernovas, pulsars, white dwarfs, neutron stars, 
quasars, galaxies and possible black holes. Many of them provide 
us with knowledge about the old ago of stars and others instruct us 
about new aspects of cosmology. 

This tumultuous development was further accelerated in recent 
years by the application of jmaglng mirror systems. In ‘ihhd, H. 
Welter described a mirror system which was originally designed for 
x-ray microscopy. This system consisted of an elongated para- 
boloid with an attached coaxial and confocal hyperboloid (cf. Figure 
A.l). In this layout the total external reflection of the x-ray 
spectrum is exploited even in the case of glancing incidence. 



Figure A.l. Mirror telescope after H. Wolter 

This technique was adopted for the first time by Giacconl and 
Rossi in i960 (Giacconi 60) as the result of their Investigation 
of possible imaging systems for use in x-ray astronomy. 
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Until 1978, Woltei^ telescopes were principally employed to ^ 
study the solar corona on high altitude rockets and, finally, on 
a skylab mission. However, in the EINSTEIN Observatory (HEAO-B) , 
astronomers now have a mighty Instrument at their disposal for 
investigating the total x-ray sky. It has 10^* times the sensiti- 
vity of UHURU and a resolution of seconds of arc, so that it is 
competitive with optical telescopes. 

In March of last year when the Astro k/2 payload was launched, 
the development of a first series of x-ray telescopes at the Max 
Planck Institute for Extraterrestrial Physics (MPE) was concluded. 
Three instruments with a diameter of 32 cm were built and tested, 
One of these telescopes, which was launched with a skylsark rocket, 
transmitted among other things an image of the supernova residue 
Puppls A. This image was fairly well resolved both spatially as 
well as spectrally. 

Truemper et al (Truemper 79) have described the goal of the 
present efforts of the MPE x-r^ay group; to build the biggest x-ray 
telescope to date, a telescope with an BO cm aperture, and to 
launch it by the end of 198^} into Earth orbit on the German x-ray 
satellite ROBISAT. With substantially better sensitivity and reso- 
lution than e. g. UHURU, ROBISAT should carry out a complete sur- 
vey of the sky, and it is anticipated that some 10 new sources 
will be discovered. Just as in the case of the EINSTEIN Observa- 
tory diverse known sources are also to be investiga.ted more closely 

Besides the requirement of good resolving power, above all 
stringent demands are imposed on the dispersion properties of the 
telescope. The roughness of the surface in particular is respon- 
sible for broad lobes in the point image function which reduce the 
image contrast. Phenomenonologically , this scattering can be inter 
preted as the diffraction of x-rays on a statistical grating when 
the intensity and angular distribution depend on the defining quan- 
tities of the grating (e.g., the mean density and the mean grating 
constant) . 
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In conjunefclon with the preparations for the 80 cm telescope,^ 
the present paper is concerned with the dispersion of wavelength 
and the angles of incidence as well as with the precise determin- 
ation of the surface parameters of x-ray miin’ors V'/hich are extremely 
well polished. Initially, the paper had two goals; an Inquiry con- 
cerning the physical nature of x-ray scattering on surfaces, and 
an effort to Improve the technical appllcatloii of scattering theory . 
In previous research at this institute (Lenten 78, Ondrusch 78), 
the validity of the scalar theory of surface scvattering in the wide 
x-ray region down to circa 5 A became clear. However, the firm 
of c. 2 eiss Impi^oved tbe technology of manufacturing the x-ray 
mirrors to the point that the stray flux was hardly distinguishable 
from the experimental background. Therefore, this paper includes 
a search for better means of diag.nosia. The second goal was the 
simplification of the Iterative process for producing complicated 
mirror systems. Previously, the quality of a mirror could only be 
tested adequately in the vacuum test facility of the MPE. As a 
result, it was necessary to ti’ansport a mirror system being tested 
up to five times back and forth fi^om che point of manufacture to 
the test site. Such a procedux’e would be too expensive and risky 
when constructing the four-fold nested 80 cm telescope. There- 
fore, the scattering properties of mlx'^rors were also to be invest- 
igated for higher energy radiation whose absox-’ption by air is very 
small. Assuming the validity of the scattering theory, the con- 
clusions reached in woi’k shop testing in the air could then be 
extrapolated Immediately to the x-ray region of interest during 
actual use. 

Besides the above mentioned scalar theory (Beckmann 63 ) for /6 
describing the scattering of x-rays on polished surfaces, based 
on the so-called physical optics method, there is a vector theory 
(Rayleigh 07) which takes into account the polarization of the 
incident and reflected radiation. In Section B, we shew that these 
two theories are equivalent in the special case of interest for 
this paper, i.e., the case involving slight scattering of x-ray 
radiation by statistically rough surfaces. 



B.l 


The sfcafclstlcally 


This chapter is based on the paper by Church (79a) to which 
reference is af,ain made later. Figure B,l.l sketches the scatter- 
ing of an electromagnetic wave on a rough surface, the coordinate 
system used and the designation of the angles involved, Buppose 
that aeh point (x, y) has a deviation h(x, y) from the inatho- 
matieal plane such that the xy*>plane describes precisely the aver- 
age plane through the surface: 

^rfh{x,y) dxdv 0 

A a . 1 . 1 

Here A indicates the illuminated surface. The angular brackets 


define the average over the surface 



Figure B.1,1: The geometry of scattering on a rough 

surface 


The microroughness a is defined as the mean square devia- 
tion from the ideal plane 
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S ,1 ,2 


A 

0 Is thus simultaneously the variance of the heif;ht distribution 
w(s), This speolfles the relative probability that the height s . 
ocours. The covariance function B(t) describes the lateral dis- 
tribution of the unevennesses on the surfeoe: 

B { X ) 5 ’ 0 1 Q 

^ • X « 

together with x^ * + (y^-y 2 )^ or its normed equivalent, 

the autocorrelation function C(t); 

t ) 1 , 2.1 

The correlation length T is the value of t for which the correla- /8 
tion function decreases to the value 1/e, 

let a plane wave ifi strike the surface under the incidence 
angle a and let the wave vector ’ lie in the xa-plane, k', 
describes the propagating wave which is no longer necessarily 
plane due to aeatterlng. Let y be the angle between the plane of 
incidc^nce and the plane of emergence, and let a + be the emer- 
gent angle. 


For the vector theory which is to be treated later, the dlff- 
eront forms of the power spectrum of the surfac.- are also needed. 
The power spectrum (PSD) is the mean square of the amplitude of 
the two-dimensional Fourier transform of the surface as a function 
of the wave numbers p and q: 


% • * 

W(P/q) ^ ^ , 2.1.5 

Thus, the surface is expanded in a Fourier series in the surface 
wave numbers. The PSD is a measure of how often the frequency 
combination (p, q) occurs on the surface. p=2ix /d and q=2a/d , 

X y 

where d„ and d are the respective surface wavelengths . 

A. y 
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There are two Dpeeial caaes of the? PSD, c?ne for a one-dimerr 
olonal 1 * 001 *, h surface 5 


C|>5 


1 i f I?'K.. , 

i; I V 1'.. A A if % 


4ai,i ,] 


( V ) iJ. ‘ 


0 . 1.6 /9 


and the other for an iootrople surface: 


i‘< , { I ) • j 

11 k ‘ 


J^^frx)h(K)d>5 1 






s ^0 . .0 


wnere r Is the vector sum of p and qi r" »* p' + q 

J is the null order Bessel function, 
o 


0 . 1.7 


The covariance function B(t) and the two spectral densities 
W. (p) and W,,(q), are second order statistical functions and they 

.iM 

are all an expression of the same physical fact. They are inter- 
related throu}*;h simple Integral transforms. This interrelation- 
ship is shown in Figure B.1.2 (Church 79a). 



Figure B.1.2: Interrelationship of the statistical functions 

(Church 79a) 
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He?re the syinbolo P, H and A en the oxborlor arrewo denote /lO 
eespestively the Peurier, Hankel and Abel tranoforme, Aa an 
example, lot us oonslder the tranoforir.nt lan of the oovaflanee 
funetlon into the two power spoetra; 


W, (pi 

W2 (r) 


fK) 


u I 

0 


iJO 


0 


B ( t ) d t 
H( I ) «I^. 


g.1.8 

2 . 1.9 


However, when measurinp; real surfaces and reduclnf; the data 
obtained, the simplleity of the conversion between these functions 
should be taken cum firano sails. It should be remembered that due 
to cut-off effects and limited resolution, the results can be 
strangely washed out at times (Church 79 a, Church 79 b, Elson 69, 
B.^). 


P .2 


The scalar theory 



/ 1 ^ 


The scalar theory of the transition of an electromagnetic wave 
on the boundary surface of two media Is based on the Kirchhbff 
approximation to the boundary conditions for the Helmholta inte- 
gral — ^the so-called method of physical optics. At each point P 
of the separation surface, the electromagnetic field is approxi- 
mated by the field on the associated tangent plane. This approx- 
imation is valid provided that the radius of curvature at P is 
large compared to the wavelength of the incident radiation; 

4 TT sin a 5»> X 2.2.1 

This method has been applied repeatedly in all details to 
statistically rough surfaces (Beckmann 63, Lenaen 78, Oarniglia 
79 ). Therefore, following Beckmann's formulation, I shall present 
here only the salient results. 


To begin with, some definitions: 

Let the momentum transfer from k‘ to k2 be v' k!j 




k 


2 ' 
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S . 2 . 0 


V “ k ( e«»r»c a + # ) ) 

?V 

v,^ " k , ctH-; { a + ^ ; j a Y 5 

v% - kc ninii f jViU ig i .(j u 

ft* 

9 ? » 

V ^ " V + V *■ 

xy X y 

A projoaklon factor P derived by Beckmann ia given by 


1 + Bin a Bin( a ♦ 4 ' ) « oeM'. a g. ^ f ^ y ^ 

ft J 

G 1 n a ( fi ni a + b i ti ( a 4 sf ) ) 


■The factor which essentially determines the seatterlnp consti- 
tuent is: 


Next , 


} 0 

q r 0 ‘^’v " (k 

ft 

Beckmann assumes that 


(oina 5 i- -1 * , 1 n *' 

the altitudes are normally 


2.2.4 /12 

crs^^ssae 

distributed 


Y!ll 0 

Prom equations 6, ehapm-r *5.2, and 32, C-hapter 5.3 of his paper, 
we obtain the following equation for the point image function of 
the mirror: 

f «>?.V) • 'V ^ ' . 

'■ ’ 2 . 2.6 

Hei’o is the total reflected intensity, du the solid angle ele- 
ment cos (a -f i|)) d(a ‘r tp) dy and A is the coherent illuminated 
surface. The remaining quantities have already been defined in 
the preceding part. 


In relation to the total reflected intensity, the intensity 
derived from Equation 2.2.6 and scattered into a solid angle ele- 
ment, is made up of two parts. The first term on the right side 
is the coherent part reflected in the specular direction (d=y=0). 
The second part, which is henceforth called the di s persion halo , 
furnishes the Intensity of the radiation scattered in the given 
direction. 
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Next, let m diseuos the opopular direofclon. The total spec- 
ular reflected intensity it 


whore 


I 


n r- 



e 


.7 


% ^ •« ■ ' ^ a. 2.8 

This extremely important result, which is similar to the Rayleif.h 
criterion, can also be obtained by means of other formulations 
(B.3). As early as 1961, it was applied to surfaces of optical 
quality (Bennet 6l). It provides a simple method for detormininp, 
the micro rouRhness of a surface: 


a “ 


jc= 


l" < ’dpc.c^ 



t 

/ 2koiti;ic 


2.2,9 /13 


The second term of the rif;ht side of 2,2.6, the dispersion 
halo, is still somewhat unclear. However, the integral over the 
Bessel function can be calculated for every Riven autocorrelation 
function. In D.^l, this is cai^rled out for several examples. 


For the special case of small scattering 1) the sum over 

m can be broken off after the first terra with the following result ; 


1. /dl s 


scat 


« 2 
2^u F t? 

A 0 


Co 


n 


J(,(Vyy X ) P.( t ) X dx 


2 . 2.10 


The Integral over the Bessel function is the Hankel transform 
of the covariance function and is known from B.l as the Isotropic 

PBD Wj,(v ). For graxlng incidence (a«l) g becomes equal to g = 

2 ® 

g^P . In this case, we have a simple expression for the dispersion 
halo 


1 .-. ,«) 
i„ dur ;scafc 

r 


12 2 
1611 a" 


K,(v ) F 


•1 


2 . 2. 11 

Thus, the special case of small scattering distribution merely 
reproduces the power spectrum of the surface evaluated for the 
local wavelength given by d 2 ii / . The leading factors are 

purely geometric factors by means of which the form of the factor 
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given in 2.2.3 is discussed in the literature Oarcia 79, Hill 78, 
Garibaldi 75). 


Besides the criterion 2.2.1 which restricts the validity of 
the Klrchhoff approximation to laj?ge radii of curvature, Beckmann 
introduces some further simplifications; 

1. Assume that the change in the gradient of the surface is 

so small that the Fresnel reflection coefficient for the microsco- 
pic angle of incidence, namely ^ , r( § ) can be replaced by R(a), 

the coefficient for the macroscopic angle of incidence. 

2. Shading effects and multiple scattering are neglected. /Ik 

3. Let the Incident wave be plane and linearly polarized. 

Let the E vector lie in the plane of incidence. 

Only the remote radiation field is considered, l.e.j assume 
that the point of observation is so far from the surface that the 
scattered waves can be considered as plane waves . 

B . 3 T he first order vector theory of pertubation /1 5 

The scalar theory of surface scattering treated in the last 
section is valid over a wide domain of surface roughness and wave- 
lengths, Thus, e.g., the scattering of radio waves on the Earth 
and the Moon can be described just as well as the scattering of 
x-rays nn polished surfaces. In this connection, pure scattering 
is defined by the mechanism in 2.2,7. For small scattering 
(ko << 1) there results a quadratic dependence of scattering on 

the product of roughness, wave number and incidence angle with 71 

scat r o 

For x-ray scattering on highly polished surfaces, only the 
case of a relatively smooth surface and a consequent slight amount 
of scattering is interesting. Here some of the approximations 
built iiito the Beckmann theory are unnecessary and a precise vector 
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formalism can be derived, In contrast to the scalar theory, the 
vector theory considers the polarisation states of the Incident 
and emergent radiation. 


In the smooth surface limit , the intensity dispersed into the 
solid arifjle element dw in the direction in relation to the 

total incident intensity l^ is given by 


1_,dl, 

I . 'du) .'Scat 


4 sina stn^' ( a 4 ip ) o W(v^,\\,) 

^ V 


2.3.1 


This equation represents the first term of the expansion of 
the scattering in terms of the quantity (k a ) according to the 
vector perturbation theory and is a generaliaatlon of the original 
result obtained by Rayleigh (Rayleigh 07, Barrlck 70). It decom- 
poses into factors which illustrate the physics Incorporated; K^* 
is the so-called Rayleigh blue-sky factor , the angle functions are 
projection factors, Q is dependent on material and polariaatlon 
properties only and W is the power spectrum of the surface which 
is known from 2.1.5, evaluated for the surface wave numbers giv''n 
by 2.2.2. The total dependence of the scattering on the topology /16 
of the surface is thus concealed in the surface factor W(v, 


X 




In the case of scattering on a statistically rough surface, 

W(v , V ) can be replaced by W^Cv^,,), the isotropic power spectrum 
X y c: xy 

(cf. 2.1.7). 


In general, Q is a complicated function of the Incident and 
emergent angles, the incident and emergent polarization states and 
the complex indices of refraction of the separation surface. How- 
ever, in the limiting case of glancing incidence, Q converts into 
the Fresnel reflection coefficient R(a) . A comparison with the 
total reflected intensity yields a simpler form of 2.3.1; 


Next, 

2.2.3: 




let us introduce a leading factor F 


) 2.3.2 

xy' 

corresponding to 
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a. 3. 3 


Fg - 1 + vp/a 


Then we obtain: 


, dl , 

T’' doits cat 
•^r 


4 k*' Ct3w^(y^j 


2.3.^ 


In order to obtain the Integral dispersion component, we 
must integrate 2,3Jl over dm: 


s ~ 


1 


Atl 


I 

0 


/dix 

^d”(S^ scat- I 


^ scat 


2.3.5 


This is possible in the case of a small scattering angle (P^=l). 
From 2.1.7 we obtain: 

An 


Hence 




2 . 3.6 


O ^1^3 

& ™ 4 k a 


k 


2 




o 


2.3.7 


This is the integral criterion which corresponds to 2.2.8. 

In the original Beckmann theory, a normal distribution of heights 
was assumed; here the result is obtained without any such distri- 
bution assumption. However, it is easy to show that in the limit- 
ing case of the scalar theory for small roughnesses, the integral 
statements are likewise independent of the height distribution of 
the surface. 


A comparison of the angular distribution of the scattering 
according to the vector theory (2.3.^) with the result obtained 
from the scalar theory (2.2.11) shows an extensive agreement: 

In both cases, the dependence of scattering on the topology 
of the surface is described by the isotropic power spectrum den- 
sity WgCv^y) . 

The Beckmann asymmetry factor P can be developed into P=l+t|^/2a 

h 2 

for (a,i|j <<1). Hence, P = P^ up to the second order of ijj/a. 
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Prom a comparison of the loading factors, wo obtain an 
expression for the normaiiaing factor A, which is somewhat non 
Intuitive in the Beckmann theory: 


A 



2 


3.8 


Both the differential and Integral statements of tne tv/o 
theories concerning the scattering of x-rays on statistically rough 
surfaces agree in the limiting case of small roughnesses and small 
scattering angles. For lai'ge scattering angles, the two statements 
still agree up to the second order of ip/a. 


B , Summary of the scattering theory 
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Here in summary fashion wo shall present again the most impor- 
tant equations used. Prom the scattering component, the micro 
roughness can be determined as: 


0- 



3 . 


The point image function of the mirror la; 


1 ,dl. 

1 “ ^duy 


(1“qQ) 6( f / Y ) 


f .n 


•1 ^ 
a 


' a.ij.2 


The split image function is the point image function integrated 
over Y and it contains the one-dimensional power spectrum: 




(1-0^^) 6(T) 






a 


(V) F 


2 JJ . 3 


o 


For later application, we shall now calculate some examples 
of power spectra from their covariance functions. Because of 
their mathematical simplicity, we shall consider the following 
two covariance functions: 

B ( T ) ^ - : I I ' T) 

B( 1 ) , ^ . ; ■ f 5 

4^ 


exponential 


2.i| .ii 


Gaussian 


2.^.5 


Prom 2.1.8, we obtain: 


(v) ^ 


.1 

a 


1 ■* ( * i’ v O 
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2.4,6 



W. (V)2 « -’ --H 


Where v ™ v„ ( a, y 0) k 

2v 

Analogously from 2.1.9: 

^xy 


q2 ,j, „ (>i'v/2) 


k .»( a * ^/ 2 ) 


2.4.7 
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r, / S .. 1 T? 

^■^a^^xyh " 2K 




^2^'^xy^2 " iii: ° 


2.4.8 

2.4.9 


® • 5 l*ho normal distribution of heights and she exponential auto- 
Gorrelation 


In treating statistically rough surfaces, it was assumed in 
Chapter B.2 that the heights were normally distributed. By measur- 
ing surfacf^s with optical quality, Eastman ot al (Eastman 74) and /20 
Elson (Elson '’9) obtained the best fit with an exponential auto- 
correlation function, in comformity with Lenzen's results (Lenaen 

78 ). To test these assumptions, a bad sample (rms roughness circa 
0 

170 A) was measured with the Perthometer. Here the point of the 
stylus instrument had a diameter of 1 ym and the measurement range 
was circa 2 mm. B^igure B. 5 .I shows the profile of the measured 
heights and the resulting height distribution. 

nr» 

r*^ 

' p» t » f ^ i » ' ' - — , , . . . . 


^1 


5 

u 

t i 

u 

) 

t/i 

o: 














1 


, t. . ^ ■ ■ ... I 

0,«3 ■ _.< .■< ■ . . 

micron 

Figure B.5.1: The sufrace profile measured with the Perthometer 
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A good approximation to the distribution of heights can bo 
obtained by moans of a Gaussian function with a variance of circa 

O 

170 A. The autocorrelation calculated according to 2.1.3 exhibits 
a period corresponding to approximately half the measurement range 
and a shortwave period of circa 50 pm. These effects could bo the 
result of the irporfection of the sample referred to in B.l. For 
this reason, statements about the autocorrelation function are 
meaningful only in the region 'i:<50 pm. Figure shows G(t) /SI 

in the region up to 100 pm . Between 0 and 50 pm a Gaussian 
curve with T^^ - 25 and an exponential curve with T^ = 30 pm were 
fitted. As the figure shows, C(t) Is more closely approximated by 
the exponential curve. 



micron 


Figure B. 5 . 2 : Distribution Figure B.5.3: The autocorrela- 

of heights t:..on function 

In Chapter D.i}, further comparisons of different autocorrel- 
ation functions were made. These also turn out in favor of an 
exponential curve. 

C . Measurements on samples of plane mirrors 
C . 1 Description of the measurement procedure 


The measurements of x-ray scattering were carried out at the 
two test installations of the MPE, PANTER and ZETA. These facilities 




PiKure B.gJi: The auboeorrelatlon function for small correla- 

tion l{3nsbhs. 

have boon described by Aschenbach et al (Aschenbach 79) • The 
general measurement assembly is shown in Figure G,l.l. 



A focusing source generates a characteristic spectrum of soft 

2 

x-rays. By means of two slits, one of which is 0.15x20 mm , and 

2 

the other 0.10x10 ram , a beam with divergence of five and 10 seconds 
of arc is reflected on the sample mirror so that the field is cut 
dovm. At a distance of about 3*^ m from the mirror, the dispersion 
distribution is begun with a proportional counter tube having a 
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2 

0.10x10 mm ontranee ellt and is oompared with the profile of the 
direct beam. Since ooft x-rays are absorbed in air, it is neceso- 
ary to make the measurements at a pressure of circa 10"'*^ mm Hn. 

The adjustmont of the equipment and the mirror is as follows: 

The optical axis of the equipment is defined by two laser beams 
which are Incident on each other. The collimetor slit is measured 
by their diffraction patterns and lined up. The parallelism of the 
slit Is ensured by the diffraction patterns which are placed horl- 
aontally. The laser beam which Ir reflected by the mirror must /23 
also lie in the plane defined by the optical axis and the diffrac- 
tion patterns. The manipulator which provides for the turnlnp, of 
the mirror about the s-axis was calibrated by means of the laser. 

By means of the x-ray beam, the mirror is placed parallel to the 
optical axis in a vacuum. It is then moved into the path of the 
rays until it shades half of the intensity. Next, the mirror is 
turned about the s-axls until the intensity is a maximum. The de- 
sired erasing angle is set with respect to the sero setting thus 
defined; then the mirror is again placed in the middle of the direct 
beam and from there Is moved approximately half the projected 
length of the mirror. Then the counter tube is used to determine 
the maximum intensity of the direct beam. The beginning of the 
scattering distribution in the plane of the detector is regulated 
by means of an HP 9830 processing computer. A dynamic measuring 
procedure is used here in which the integration time in each case 
and the density of the measurement points for the anticipated distri- 
bution are matched. The duration of a measurement is approximately, 
two hours. Figure C.1.2 provides an example of the measurement of 
a scattering distribution. The break down of the measurement range 
(+ and the density of the measured points together with the inte- 
gration time in each case are shown in Table 1. 

Normally, the maximum scattering angle measured 20', and in 
the case of the sample 38A, 60' (cf. C.2). 


range 

Hal.:* 

specular Ken inn 

Halo i» , 
¥ 

{'•.rasing angle? 

« ) * 

* ■ A: 


vinnslty of iho 

i points/ 

4 / points/ 

A point 

measured points 

aromi n 

ai v*i!u n 

aromin 

Integration time 

40 see 

5 see 

40 see 


Table I. Definition of the measurement range 



Figure C.1.2: Example of an original measurement curve 


Tbe measurement data were evaluated on the one hand in an 
online computer (raw data evaluation), and on the other hand, they 
were recorded on tape and later evaluated at the IBM computer 
installation (cf. D.3). To evaluate the raw data exponential func- 
tions were fitted to the measurement points in S, and S ; then the 

T 

total scattering intensity was treated as the sum of six terms: 
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» SI + S2 + S3 + s4 + ss + S6 3.1.1 

UC Jr V 

Si! 

sa: 

S3: 

Bk : 

S5: 

S6: 

The 


the 

and 

oec 

The 

C.2 


sen 

Bively investigated. Sample 38A Is a gold-deposited Kanigen mirror, 

O 

100 mm in diameter with roughness of circa 100 A and a correlation 
length of circa 10 ym. Since small angles of incidence are necess- 
ary in the case of the high energies applied later, we investigated 
angles down to 15 minutes of arc. In this range, special effects 
were expected (shadings, multiple reflections). In Table II, these 
measurements are compared with Lenaen's results . 

TABLE II: Comparison with previous measurements 


anKle (ari-min) 

’ » .•«) A) 4-1 

(V' 1 » .'a 

■15 15 20 f 

’1 

wavelength.. 

1 1 : 1 ■! M 

n .. 

H .1 3 j 

0 s ^ 1 

in io) 


i 

Lenzen 




%as inner 

1 l '"i 1 .! > i I H p, O 

i}7 in liv; !rt. 

•J'S '3 2 50 1 

1 


the extrapolation from -a to - if) 


0 


the Integral over the measurement points in S__ 
the extrapolation from -2 to 0 minutes of arc 


the extrapolation from 0 to 2 minutes of are 


the integral over tho measurement points In S 


the extrapolation from if)^^ to +*» 


integral scattering eomponont was: 


S - ^scat / ^r 


3.1.2 


here the total reflected Intensity I^, ms the integral over 


/25 


entire set of measurement points plus the extrapolations SI 
SO. All terms were corrected for a background of 0.05 counts/ 
in the case of PANTER, and 0.02 counts/sec in the case of ZETA. 
surface roughness was then determined by Equation 2.^.1. 


Tie-in with earlier measurements 
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In order to link up with the earlier measurements made by Len- 
(Lenzen 78), a sample which he measured (38 a) was again exten- 
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There is agreement. In the ease of email ineiflonee 

anglee, the reeulbe are of a somewhat higher order, but are not 
out of proportion, however, Even a change in the surface over time 
cannot be regarded as significant, 

^ * 3 Extremely well-pollshod zerodur samples /27 



TABLE 

III. Summary 

of the meas 

ured zerodur 

samples 

oaraple 


vapor deposit 

size 

measurements 

facility 

Rondo 1 

Zerodur 

200mm 

0 

«) 


Rondo 2 

II 



0 

f) 

M 

Rondo 3 

II 

- 

220li4’i 

0 

1 3 

ZI'TA 

R1A 

II 

N i ekel 

1 (»bx "I 


lb 

I‘AOTKR 

: 

RIB 

H 

1) 

lOIx ’ 

2 Him 

3 

U 

! 

R2A 

It 

platinum 

1 6' »x ■] 

2.!ill4i 

1b 

.1 

R2R 

II 

It 

10 lx 1 

2.f'm 

3 

li 

R3A 

II 

t;t)id 

1 f) ‘ j X 3 

Inmi 

1 b 

II 

R3R 

II 

II 

101 X 1 

1mm 

14 


R4A 

II 

- 

1 6 -jX 3 2mm 

12 

2 * 'TA 

R4B 

It 

- 

l()lx3?min 

- 


A 

II 

Gold 

1 OOniin 

0 

14 

P.'iNlKR i 
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2?''TA 

R2 

II 

Gold 

1 f30mm 

0 

15 

Z!""-’A 




Within the scope of the AXAP^ program for testing mirror mat- 
erials aiiu polisnes ana also in conjunction with the 80 cm tele- 
scope, the firm of C. Zeiss, Oberkochen, manufactured plane mirrors 
of very good quality with various kinds of surface finishes. For 
this purpose, two zerodur disks were made first of all. They were 
investigated in the MPE (disk 1, disk 2). Cut into rectangular 
bars and with deposits of various materials, they were again returned 
for subsequent testing in PANTER. Two gold covered zerodur mirrors 


n 

Advanced x-ray astrophysics facility 
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manufaafcurGd earlier (A ana Ba) as well as an aaaifcional disk were 
measured. In Table III, the samploo, niafcorlalB and the number 
of Boattering raeaBuronionfco at the respoetive tost faeillbieB are 
tabulated. 

An objeefcive of bbiB work waa to chock the asnortions of the /28 
Bcattering theory in the higher energy range also so as to make 
poDoiblo a subsequent shop tost of the telescope in the air. The 
energies necessary for this purpose range between 6 and 10 ke?, and 
the resulting critical angles are in the neighborhood of 12 minutes 
of are. The highest photon onergioo to bo followed up were kov 
in the case of BANTER and 6.5 keV in the case of ZETA. In order to 
obtain comparable statements, the following characteristic linos 
were chosen: 

O 


CU - L 

13.3 A 

0.9 

keV 

A1 - K 

8.3 A 

1.5 

keV 

Ti - K 

2.8 A 

i| .5 

keV 

Fe - K 

1.9 A 

6.5 

keV 


Incident angles between 10 and 150 minutes of arc were measured, 

In the evaluation of raw data, essentially two effects appeared: 

For these extremely good samples and the chosen geometry, the scat- 
tering distribution lies about four powers of 10 below the specular 
maximum (ef. ’^’igure C.1,1). However, in this range the direct beam 
has a comparable halo (cf', D.l). But the measured scattering inten- 
sity for some curves is lower than the comparable intensity in the 
direct beam. As is shown explicitly in Chapter D . 2 , this effect 
can be understood as a masking of the direct beam by the mirror. 

If we plot the microroughness obtained by the process described in 
C.l against the ratio of the Incidence angle to the wavelength, 

(which I shall henceforth call the "diffraction number"), then we 
obtain not a constant, as might be expected, but a kind of hyper- 
bola with a finite asymptote about which the measurement values are 
more or less scattered. Figure 0,3.1 shows this curve for the 
example of the sample R2A. 
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The i^ouchnoso measured fer larf,o diffraetlen numbero ic oome 
what conotanfc, while the roughnooD moaDui’eci for omall tilffraefeion 
nuffibera risen disproportionately hii;h. Thin of foot will bo ilium 
inated in D.b from otill another aide. 
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Figure G.3.1; Measured roughness of the sample R2A 


23 




24 


TABLE I¥: The measureir.ent pi’ogram and the results of the evaluation 

of raw data. 







In Table IV, the computed surface roughness is tabulated for 
all the measurements. An important result is the fact that the 
scattering quota obey the surface scattering theory both in the 
case of low energies (0.9-1. 5 keV) , as well as in the case of high 
energies (i|.5-6.5 keV) provided that the diffraction number exceeds 
circa five minutes of arc/A. Thus, the microroughness measured in /31 
the air at a shop would be comparable to the roughness occurring in 
the subsequence range of application. 

C . ^ Improveme .t of the test assembly ^31, 

The experience gained in the first measurement series at the 
PANTER facility was put to use in improving the test assembly in 
the further measurements at the ZETA facility following the disman- 
tling of PANTER. In making the measurements, the essential sources 
of error were the following, besides those described in D.3: 

1. The stability of the primary flux from the x-ray source: 

The intensity and possibly also the distribution of the direc- 
tions of the x-ray emission varied due to a change in the press- 
ure in the x-ray tube, to contamination of the anticathode and 
instabilities in the voltage supply. 

2. The mechanical stability 

The adjustment of the test assembly is extremely sensitive to 
shocks. Even any wandering of the focus on the anticathode can 
cause changes in the Intensity of the collimated direct beam. 

3 . Stray light in the facility. 

It turns out that stray light which is probably reflected over 
the beam tube walls flickers about in the facility. Its inten- 
sity lies somewhere in the neighborhood of the expected stray 
halo . 

Beam interception by the mirror. 

The projection surface of the mirror acts as a slit which has 
a different opening for each angle of incidence (cf. C.2, D.3). 
This leads to uncertainties when the direct beam is considered 
later. Since the halo intensity of the direct and the reflected 
beam is approximately equal, it is of decisive importance, where 
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and how the direct beam io cut off. Both cannot be uniquely 
determinod by the inoaBuromonts. 

The errors described were substantially reotifiod as follows: 
Flfiuro e.^Kl shows the general test assembly and the newly mounted 



lJ 

screen detector 

Figure CJKI: Improvement of the measurement setixp 


Re 1: 

A monitor counter tube was mounted in the x-ray tube near the 
source. Its opening is so designed that the registered intensity 
corresponds approximately to that of the test counter tube in the 
direct beam. Thus, variations in the Intensity of the source and 
in the spectrum can be controlled. It turned out that normally the 
variations were not substantially greater than 10% per day. In 
unfavorable cases, principally due to contamination, the source 
spectrum varied markedly (circa 30%). 
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Ro 2 ; /3ji 

The errore mentioned here are purely otatiatical in nature and can 
hardly he eliminated. However, it turned out that ineaQurements 
made at night and after longer periods of continuous operation 
give rise to the least complications. 

Re 3; 

The bOvam tube was completely walled off by a large aluminum screen 
between slit 2 and the mirror. Only one opening of about '30 mm 
remained free for the passage of the beam. 

Re il: 

In order to obtain a measurable beam geometry, independent of the 
angle of Incldenoe, a thli^d slit, 0.8 mm wide, was mounted close 
in front of the mirror. The profile of the direct beam is now 
defined in the halo by this aperture. Diffraction on this slit 
can be neglected. As long as the projected mirror surface la 
broader than 0.8 mm, the direct beam and the specular direction of 
the scattering distribution are equivalent. 


After those corrections were made at the ZETA facility, the 
incidence-angle dependent mlcroroughness effect occurred again. 
Hence, the cause is clearly not to be found in the mirrors men- 
tioned here. 


D. Evaluation and results 
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D . 1 The direct beam 

The direct beam displays extensive lobes near circa 10"*^ times 
the central intensity. This effect is relatively independent of 
the wavelength. To begin with, an attempt was made to explain 
this profile as a consequence of diffraction at the collimator 
slit. Figure D.1.1 is a sketch of the geometry of the simplified 
model which was assumed for this purpose. 
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Plcure D.1.1; Geomotry of the simplified model for oalculatinB 
the profile of the direct beam 


a = X + 3 + Y 


i| . 1 . 1 


The orisln is a homogeneously radiant surface source such 
that the slit 1 can be assumed to be a secondary surface source. 

Let P bi' a point source from the continuum in slit 1. Suppose 
that the distance to slit 2 is large enough so that the wave fronts 
can be regarded as plane here, i.c., it is sufficient to apply the 
Fraunhofer refraction analysis in this Instance . The Intensity 
at a point P ' behind the second slit is: 


D( oc ) 


sin^J,2^nQql 
( 2 It Q a ) ^ 


. 1 . 2 
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where a •-i-l / Q ~ d/X . From ^1.1.1, it follows that 


D(x, p, 7 ) 


sln^ (2 ix Q(x+ Pi:. 7 J J, 
(2 iiQ(x+ p + 7 ) )^ 


4.1.3 


To obtain it from the Intensity due to the surface source, it is 
sufficient to integrate over B, since the source may be regarded 


as incoherent: 

D (K, 7 ) 


3c 


2 


sjn (2 It OJx.+ ,p-^.,7 ) ) 
( 2 II.Q (x 4 0 17))" 


-3, 


d!3 


4.1.4 


Finally, in order to obtain the entire Intensity accumulated in 
the counter tube slit, we integrate with respect to y: 
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D(x) 


<1 p cl\ 


k .1.5 



•Yo Go 


i ll 12 '>) 

(2 51 Q(x + P ' V ) ) ^ 


This integral can be represented by a power series, but the 
result is unfavorable for numerical treatment. The Integral was 
evaluated for two wave lengths. Figure D.1.2 shows the measured 

o o 

direct beams for X = 8.3 A and for X = 1.9 A, together with the 
corresponding calculated theoretical diffraction profiles. As is 
evident, the lobes of the direct beam are satisfactorily explained 
by diffraction. 

The nucleus is not correctly reproduced by this calculation. 
Evidently, the photographed focus is by no means homogeneous, so 
that deviations occur in the nucleus. The assumption of the 
Fraunhofer diffraction also is not strictly valid in the nucleus. 

An analytic form of the direct beam which is as simple as 
possible is necessary for the fitting procedure described in Chap- 
ter D.3-. It turns out that a good approximation to the measured 
points can be obtained by means of a linear combination of a 
Gaussian curve for the nucleus and a Lorenz curve for the diffrac- 
tion halo (cf. Figure D.1.3). 
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where 


G'X) 

L(x) 


1 


> -M g aaa .- ss : i | 

N2 Tl 0., 



a + b = 1 


oxp { “ x“/2 0 ‘ ) 

M 

1 

+ (x/C>|^)" 


4.1.9 

4.1.10 
4.1.12 


r-\ 

r 
o 
n' 
a: 

o' 

9 -r * 


jl. oi 

(/) 

z 

U 

H R, 

z 

. » 

5:01 

cr- 

P 

■^in 

bl 


‘T r I r t I 


DIRCC7 Rf AM 


-20 


,4. : A 1 A. 



A i I 


■15 -lU 5 

OF F’ ' Ofc**' L L . ’ T I JrN 


1 V 


Figure D. 1 . 3 . The measured direct beam and the analytic curve 
fitted to It In accordance with 4.1.8. 


TABLE Y. The quantities which determine the direct beam 


facility 

0g 

’’ 

1. 

i 

PANTER 

76 . 3 

2PJ 0,m8 

O.u , 

1 

ZETA 

86 . 1 

44 6 0.95 

0.06 

1 

„.j 
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In the derivation of the ocattei’inc distribution in B.2 and 
B.3 the point of departure was an incident plane wave. This 
breaks down in the specular delta-function, its Fourier transform. 
However, in the collimator geometry described in C .1, the direct 
beam is not plane but has an angle distribution treated in D.l. 
According to ^.1.8, it can be approximated by 

r r 

D('p) a 0(f) + b L(ip) where a+b-.l.''- l{;('P)dvp = L(vp)dip 

^ J 

I -f- O "‘'H ,,2.1 

where 

Fj - (1 - q^); |H( .p)d^ - 1. 

v» 

The measured scattering distribution is now the convolution of 
the direct beam and the slit image function: 

Str( vp ) 1 ( ^) ® f>{ q'- ) i| .2.2 

The convolution obeys the distributive law and preserves the norm : 

Str(ip) (m)®D(4^) + FgaH(vp)®C5(^) + F^blKip)® i|.2.3 

The convolution of the delta function leaves an arbitrary function 
invariant : co 

5(x)®f(x) = J6(y) f (y-x)dy = f(x) 

0 4.2.i| 

Since according to D.l, b «a and Fg« hold (for small 

scattering) , Pg*b is vanishingly small. Prom Fg'-'* ” Pg(1“b)s5Fg 
follows : 

Str ( ip ) = D ( m ) + Fg H ( m ) ® c; ( ) 4.2.5 

Here the first term represents the coherent reflected specular com- 
ponent and the second term corresponds to the Incoherent scattered 
component. Now if the halo H(i|0 has a much broader v'lngle distri- 
bution than the nucleus of the direct beam G(ip), then G(\p) can be /40 
approximated by SfijO, so that consequently, G{,^)® n ( • h r p) 

Thus, the measured distribution can be represented finally as the 
sum of the direct beam and the halo: 
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Str ( ‘ 4 ? ) 


^ 1. 2 . 6 


I){ f lU 

D .3 Curvo fltetlnr, by fche method of loaot squar es /kl 

Despite the enormously small seatterins component in the 
case of good samples — the intensity in the halo was situated in 
the neighborhood of 0.1 to 1 counts/sec — and the associated bad 
photon statistics, it was desirable to be able to make statements 
about the correlation lengths and to remove the error in determin- 
ing the scattering component resulting from the exponential extra- 
polation in the nucleus . 


For this purpose, a method was applied in which the exact slit 
image function was fitted to the measurement points of a single 
measurement, assuming an exponential autocorrelation function with 
different parameters a and T. After the measurements were evaluated 
according to this method, it turn out that very different values of 
the parameters a and T resulted from the individual measurements on 
a sample. Particularly in the case of measurements involving dlff- 

o 

ractlon numbers smaller than 5 minutes of arc/A — which were out of 
place even in the evaluation of the raw data — the microroughness 
was too high by a factor of 10 and the correlation lengths by a 
factor of 100 . The removal of these uncertainties requires a pro- 
cedure in which all the measurements on a sample are summarized in 
weighted form and o,T are dealt with in a single parametric repre- 
sentation. Here we shall explain the i.ost Important program steps. 


As shown in Chapter C . , the mirror acts as a slit : In pro- 
portion to the projected surface, it screens out a part of the direct 
beam. Figure D.3.I shows the geometry and the quantities used in 
the following analysis. It is assumed that beams whose divergence 

exceeds 6 are not reflected from the mirror, 
o 


tan 


D + SL sin_a 


^. 3,1 
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slifc 2 mirror 


Figure D.3.1; Screening out the direct berm by the mirror 

Therefore, in the program the Intensity of the dir’ect beam 
outside 6^ was equated to zero. Here a possible diffraction on 
the edges of the mirror and the Integrating effect of the counter 
tube slit were neglected. Both effects produce a flatter decrease. 

It was also assumed that the mirror was symmetrically illuminated 
as a general principle. 

Next, the measurement points (x(i), y(i)) were normalized in 
order to obtain a representation consistent with 2J\.3. For this 
purpose, the Integral under the scattering curve was approximated 
according to the procedure described in Chapter C.l: The rec- 

tangles of height y(i) and width x(i+l)~x(i) were summed and sub- 
sequently extrapolated exponentially outwards. Then the counter 
rates y(l) were divided by the integral thus obtained. 

Since normally the true maximum of the specular beam will not 
be attained exactly, a zero point displacement had to be fitted to 
the curves. On the average, this amounted to 0.1 minutes of arc 
which corresponds to approximately the half width of the direct beam. 

According to 4.2.6, the form of the direct beam must be repro- 
duced exactly in the scattering curve. However, three different 
effects can cause a deformation: 
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If the collimator Dlit and the counter tube slit are not pre- 
cisely parallel to each other, a widening of the beam can result. 

If the normal from the mirror to the plane defined by slit 2 and 
the counter tube slit has an inclination angle of 90°“Ei then the 
Imuge of slit 2 is tilted through an angle of 2e in the counter 
tube plane. This, too, leads to a broadening of the specular beam. 
If the mirror has long-wave unevennesses (in the range Sh/2), then 
the form of the direct beam is also changed. Statistical matching 
errors result in broadening, while concave mix’rors constrict the 
nucleus. All three of the errors mentioned here appeared in the 
measurements so that it was necessary to introduce a deformation 
parameter, V. In this connection, it was assumed that only the 
variance of the Gaussian function defined in D.l changes, whereas 
the diffraction-dominated halo of the direct beam does not change. 
In the case of the individual measurements, the parameter V ranged 
between 0.8 and 2.5. To be sure, it turned out that in the case of 
a bad adjustment of the sample (V=2.5), the Gaussian curve was not 
preserved and the nucleus in particular was no longer symmetrical. 
This led to a general error of circa 10 % in determining the inte- 
gral and the associated normalization. 


To each measurement point y(l) was assigned an intrinsic error 
y^, and the following error analysis was employed: 

The normalized stray flux is determined in accordance with y^^-Cc-u) 
/s, where c is the counter rate of the individual measurement point, 
u is the background in the given case and s is the integral over 
the measurement points. Prom the Poisson statistics of the counter 
rates, the statistical error of the individual measurement point 
amounts to: 


(stat) 


1 

'S 


c + u + ( c - u ) 


2 As' 


^. 3.2 


y^ is compared with the theoretical curve: 


Str^ = 4 0^ T Cf(1) 


^• 3.3 
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0 ( 1 ) is a factor of order* of macnitude 1 which can be neglected 
In this analyolsj hence, it suffices to consider the error in the 


/lill 


profactor 


An error in Str^ results; 


Sir 

Sir, 


i 


3 




k*' 






Hence, the error in the individual measurement point is: 

.2 ^ 




1 


4 U 4 (C~U)" ( 


An' 


.2 


+ 9 


Ak‘ 


Aa" 


a* 


) 


ii.3.5 


As described above, As/s is approximately 105?. The applied 
radiation was not purely monochromatic. The finite energy resolv- 
ing power of the counter tube imposes the condition that the 
increments from the continuum radiation and other Gharacterlstie 
lines be admixed. The estimated error Ak/k is about 8^. The 
error In the angle of incidence is determined by the adjustment 
procedure described in C.l. The mirror and the optical axis were 
parallel to within 1.5 minutes of arc. The calibration between the 
motor step width and the angle of Incidence contains an error of 
1^. According to G J\ , time variations can be neglected. 


Thus , a normalized measurement point has an absolute error 
amounting to 

Yi = g ^ c + u + (c-u)^ (0.08 4 - 20.29/ a‘ ) 3 7 

when the angle of incidence is expressed in minutes of arc . 


Next, for the entire batch of measurements, a reduced chi- 
square formula was defined : 


rcu r Ay^j 


. 3 . 8 


A 5 


where m is the number of measurements, n. the number of measure- 

tJ 

and ^ sA is the number 

f ~ > n . -2 


ment points in each case, 
of degrees of freedom. 


= y n . 
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In fcho parameboi* piano (o,T), the dlatrihublon of the re- 
duced ohi-square wao ealeulated and invootlgated for minima. For 
reasons to be dioeuooed in Chapter D.6, only the measurement points 
outside of minutes of arc and only measuremonto with diffraction 
numbers b arc mlnutec/A wore used. For a largo numbt^r of degrees 
of freedom the probability distribution of the reduced chi-square 
converts into a Gaussian curve v-^lth moan value 1 and 1/e width 
V ° ■^2/F . The distance of the calculated minimum from 1, 

measured in v units provides a measure of the goodness of the theo- 
i^otlea3 model used (Bevlngton 69) . 

Figure D.3-3 displays the chi-square contour lines in the 
(o,T) plane in the case of the sample aerodur A. Here the minimum 
X is 0.992 per degree of freedom which argues in favor of the eor- 
reetness of the model used* 



Figure D.3.3: Tne chi-square contour lines in the parameter 

plane (a,T) 

2 

The value of X j,g^(mln) is not correspondingly good for all A6 
the samples measured. The deviations from 1 scatter between 0 and gv. 

The tvTO innermost contour lines in Figure D.2.3 have the res- 
pective values X^,.,,(min)< 2.:,/f and ,2 ^ 
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Theoe two ourfacoD furnish the oo~ealled 50?» and $0% eonfldonao 
ranoe (Kjatnpton 7f»). With a respective probability of 50^ and 90^, 
the true values of the /'tiven parameters in the indicated ranees. 
Thus, we obtain for the first time a very Rood estimate for the 
error in the calculated surface parameters. In this (best) case, 
the results are: 

0 4.0 (h, 1 A U .) 

T 2. a J. n. ^ t ClfV';) 


D.^^ Various autocorrelation functions 



For larise-scalo scatterlnR (Sq» 1) the scattering distribu- 
tion is not simply proportional to the power spectrum of the sur- 
face, but the interrelationship in 8.2.6 must be resolved directly, 
Since we are here interested in only the slit image function of 
the mirror, we can integrate the point image function over y. 




dv 


Applying (l.il.l to 2.2.6, we obtain on the right side the double 
integral: 




Jp(Vj^yt)dY c'^Didx 




For a,ij;<<l, the argument of the Bessel function can bo replaced 
by (cf. 2.2.2): 


''xy ' 




+ Y 


ii.il. 3 


where a is defined by 


ka = k ip( a + 4 ^/ 2 ) y 0) ij.lj.4 

Then in 4.4.2, the Integration over t can be carried out: 

Iq = |“j cos(ika) c”^(T) di 4.4,5 

This integral, which is a kind of Fourier transform of higher order, 
will bo computed in the sequel for various autocorrelation func- 
tions : 
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1 . From an exponential autocorrelation function (2.^,^), we 
obtain: 1 

“ mk 7. ,kaTx 2 ^ ^ . 6 


vv I 

“ mk '7. , kaf 7? ^ ^ . 6 

m 

From a Gaussian type autocorrelation function (2.4. 5) > we 

m U-Afn O 


T - in?. oj.tw^/kjiT.2. 

3. Prom a Lorenz-type autocorrelation function: 


4.4.7 


C( I ) 


there results 


1 + (t/T)^' 


(m-D! 2 


2m-1 


i2m-l-2) I (2Tk lal ) 
1! (m-l- IT 


Then the total slit image function is described by: 

oo _ 

\ ■■■ m 


1 ,dl. 

i/a ’ 


6(^) + 


ml 


4.4.8 

4.4.9 


according to 2.2.6. The measurements on the bad sample 38 A des- 
cribed in C.2 were processed according to the procedure described 
in D.3 where for each of the three different estimates , the exact 
.'ilit image function according to 4.3.9 was applied. A X -test 
showed that the data of the entire batch of measurements could be 
well represented by an exponential autocorrelation function, while 
a Gausslan-type or Lc.enz-type correction can be excluded. 


Table V shows the results of this comparison. For each of 

the assumed autocorrelation functions, the optimum surface para- 

2 

meters are found in columns 2 and 3, and the minimum X attained 
is in column 4 . 

/49 

Figure D.4.1, using the example of a measured scattering dis- 
tribution, shows the optimum curves for the respective autocorrel- 
ation functions. The scattering distribution is best approximated 
by the curve generated by an exponential correlation. The deviations 
for small scattering angles ( a ) are caused by shading effects. 
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■autocorrelation functions 

0 

(^] 

T [urn] 

2 

X 

,,,,^(mln) 

GauDslan-typc 

C1 + 

19 

4 + 3 

5. 

17 

exnonontlal 

86+ 

10 

11+6 

1 . 

50 

Lorens -type 

68+ 

22 

4 + 2 

3. 
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Table V: for various autocorrelation functions. 



OFF SPECULAR REFLECTION lARCMIN) 


Figure D.il.l: The measured scattering distribution for the 

sample 38A with = go arcmlnutes, X=8.3 A, and the theoreti- 
cal curves fitted to It for various autocorrelation functions. 



D . 5 Resulbs of the fitting procedure for small scat tor Ins 
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In the special case of small scattering (g^<<l), the simple 
expression for the slit image function according to 2.^^.3 can be 
used. Assuming an exponential autocorrelation function, the one- 
dimensional power spectrum W^^Cv) can be read off directly from 
2.^.6. Taking into account ^1.2.7 and we have finally: 


1 

I 


r 



{ 1" { 4 


) 

j T 

'lx ' 


1 I (kaT) 


1 ^. 5.1 


When this slit image function is used with the fitting procedure 

described in Chapter D.3i then a parametric representation can be 

found for each Pleasured sample with sufficient statistics which is 

a good fit in the stray lobes for diffraction numbers smaller than 

0 

5 minutes of arc/A. The screening of the direct beam described in 
D.3 is again to be found in the measurements. In some curves, even 
an asymmetric illumination can be detected. 


In summary, it can be stated here that the stray lobes beyond 

O 

±5 minutes of arc in the case of microroughness down to 2.5 A, and 
for all energies used, can be very well described by the surface 
scattering theory with an exponential formulation for the covariance 
function. The resulting microroughness and correlation lengths are 
presented in Table VI and P’lgure D.5.1. Assuming a uniform correl- 
ation length for all samples, we find: T = 2.3 ± 0.6 ym. Some 

examples of measured scattering curves and the theoretical distri- 
butions fitted to them are shown in Figure D.5.2. 


ill 
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\ 




w 




statistical weight (arbitrary units) 

Figure D.5.I: Summary of the results of the fitting procedure 
for all zerodur samples plotted against the statistical weight 
of the individual measurement series. 
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Figure D.5-2: Some examples of measured scattering distributions 

and the feheoreticai curves fitted to them for the same R2A when 
X = 8.3 A, a = 3.8 A, T = 2.0 pm 
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i 
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0.1 

2 . 0+ 

0.6 

Zerodur 

R3A 

2.4 

4 * 

0.1 

2 . 6 + 

0.7 

Zorodur 

R3R 

2.3 

± 

0.2 

3. '4 + 

1 .4 

Zerodur 

R4A 

2,7 

4 “ 

0.1 

3.0+ 

1 . 1 

Zer'^dur 
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2.7 
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0.1 

3 ,0+ 
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I’able VI: Results of the fitting procedure 

D .6 Deviations in the kernel of the scattering distribution /5i| 

In this chapter, we shall consider in detail the ranges 

o 

i|'<± 5 arcmln and a/X< 5 arcmin/A which were excluded In D.^. As 
can be seen in Figure D.5.2, in a range of several minutes of arc, 
the measured points in all cases lie above the calculated curves. 

The resulting triangle, as will be shown, cannot be explained by 
scattering. 

First of all, we shall attempt to represent the dependence on 
the parameters angle of incidence and wavelength. The effect is 
to be characterized by the following quantities: Sg specifies the 

relative intensity in <?, and 0 is the 1/e-wldth in minutes of arc. 

In order to express the characteristic quantities, the excess inten- 
sity was characterized by a Gaussian curve, whose parameter was 
fitted to the measured points, while the optimal quantities a and 
T, determined according to Chapter D.5, were held fixed. If 0 is 
smaller than circa 0.5 minutes of arc, and if is smaller than 
circa 10^, then the excess disappears under the specular reflected 
beam and its characteristic quantities can only be determined as 



upper limitD. The results of this procedure are presented in 
Table VII. 

Due to the meager Information about this effect, the poor 

photon statistics, the limited resolution in the nucleus, and the 

possibly non-optimum fitting by means of a Gaussian curve, the 

spectrum of the results is varied. However, by way of summary, wo 

can say: The 1/e-width is in no Instance substantially greater 

than 2 minutes of arc and the relative intensity does not exceed 

3%. When the wavelength is constant, increases somewhat as the 

angle of Incidence decreases, while 0 remains approximately con- 

_ o o 

stant. For the wavelengths 8.3 A and 13.3 A, the behavior is 
approximately the same, while in the case of small wavelengths, 
the triangle seems to disappear, or 0 becomes so small that the 
excess intensity is hidden under the specular reflected beam. 
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In order to be able to make somewhat more precise statements, 

I have averaged the available quantities from Table VII over the 

various angles of incidence and the different samples and have 

thus obtained the generalised quantities S,, (X) and 0(1): 

0 


wavelength [a] 

13.3 

8.3 

2.8 

2.4 

1 .9 

S^(X) [■a] 

1 .6 

1 .7 

1 .6 

? 

%■) 

0 (X) [arcmin] 

0.9 

1 . 1 

0.4 

0.3 

0.5 


A possible interpretation of these results is that the inten- 
sity of this excess is always approximately equal in size, and only 
the angle distribution varies with the energy, i.e., becomes smaller 
with larger energies. If we assume that approximately 10^ of the 
triangle, =1. e . , about Q .2% of the relative Intensity outside of 
± 2 minutes of arc will be seen,, then the scattering distribution 

O 

for a/X<5 arcmin/A is dominated by the nucleus: The smaller the 

surface scattering, the more the nucleus grows. This is how we can 
also understand the increase in the "microroughness" when the 



’ a: 


2.3 




the diffraction numbers decrease, as was described in Chapter CJl, 


A similar triangle is also visible in the ease of other 
samples and other test assemblies. Thus, similar effects, which 
are not explanable by the scattei’ing theory, have shown up in 
Lenaen's and my measurements on the sample 38A (Lenaen 78, C.l), 
the calibration measurements on the 32 cm Wolter telescopes 
(OndruBch 78 ), as well as the calibration measurements in Hunts- 
ville (Zombeck 80) cn one of these 32 cm telescopes. 


Next , we shall discuss some mechanicms which could be util- 
ised to explain the observations in question. In particular, 
these are ; 

1. A second scattering distribution in the nucleus} 

2. Tangent errors} 

3 . Thomson scattering} 

, Shading and multiple reflections} 

5 . Inadequacies in the test assembly. 

Re 1 : The surface could possess a second component of the rough- 

ness which is dominant for small diffraction numbers and which is 
hidden in some way under the nucleus when the diffraction numbers 
are larger so that it simulates the constancy described above. We 
shall now show that this is not the case. 

According to 2.^1. 3, in the limiting case, the following condi- 
tion must hold for any two scattering distributions: 

I(ka,vp) = I(c ka, ig/c) 4.5.1 

Where I denotes the stray halo of the slit image function and c 
denotes the ratio of the two diffraction numbers. Random tests 
when measuring small diffraction numbers have shown that this con- 
dition is not satisfied, i.e., that the excess intensity is, there- 
fore, not caused by scatterlno* 

Re 2 : The obvious explanation for the triangle in the nucleus would 

be a reflection on the unevennesses of the surface due to the beam 





optics. In this case, the distribution of the surface gradients 
would be expressed with doubled width in the split image function. 
Acoordinc to the results from Table VI, we should thus expect that 
about 2 % of the surface would have a gradient distribution with a 
width of circa 0.5 minutes of arc. In optics such effects are 
known as so-called matching errors, deviations from a plane surface 
which Impair the resolving power of a mirror by broadening the spec- 
ular 6-function. In order to study their influence on the scatter- 
ing distribution in the x-ray range, such matching errors were mea- 
sured in several mirrors. For this purpose, the interferences of /S8 
equal thickness were determined on some mirrors using a Piseau Inter- 
ferometer from the firm of Carl Zeiss. Figure D.6.1 shows these 
interference specimens for two samples. Prom the bending of the 
bands, we can conclude directly the extent of the deviation of the 
surface from the plane in units of the length of the incident wave. 

In the most unfavorable case (on the left in the figure: serodur 
A), this is about lym. When the correlation length is circa 50 mm 
(half the length of the sample), there is a maximum rise of about 
5 seconds of arc. In the case of the other measured samples (to 
the right in the figure: disk 3), the matching errors were at most 
1 second of arc. The Interference figures do not change when the 
samples are clamped in the holder provided. 



Figure D.6.1: Interferences of equal thickness in the case of two 

samples, using an He-Ne laser (from the firm of C. Zeiss, Ober- 
kochen). On the left: zerodur A; on the right: zerodur disk 3. 

O 

The vertical resolution for this method is circa 500 A, the 
later 1, circa 1 cm. Thus, matching errors in ‘che conventional 
sense cannot be responsible for the triangle in the nuclevs. The 
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cauDe lies rather in the order of magnitude of the direct beam 
divergence. However, no statement is made concerning tangent 
errors which are smaller than the lower limits stated above. 

759 

Re 3 : The remaining possible explanations are somewhat more far- 

fetched, and provide only indirect hints about the nature of possi- 
ble deviations from the scattering theory. However, for the sake 
of completeness, they are also enumerated here. 

In order to estimate the Thomson scattering, the effective 
cross-section of x-ray radiation on gold atoms is analyzed. The 
scattering cross-section for a single electron is about 0.6 barn at 
1 keV. It Increases approximately as Z^, so that for gold se obtain 
a value of 3.7 x 10*^ barn/atom, which is consistent with the effec- 
tive cross-section for coherent scattering of 4.0x10^ barn/atom 
(Atomic Data 73). When this is multiplied by the density of gold, 
wo obtain a diffusion coefficient of y = 2^0 cm . Lenzen (Lenzen 

Q 

78) ealeualted a penetration depth of circa 20 A over a wide range 
of wavelengths and Incidence angles. However, the actual distance, 

o 

s, which is covered in the material is 20 A/tan a. Thus, in the 

case of an incidence angle of 15 minutes of arc, s is about ^000 
0 

A. Hence, the Intensity of the scattering into the half-space is 
0.555? at 1 keV. Analogously 1.^1^^ scattering intensity is obtained 
at 10 keV. However, since Thomson scattering is distributed quasi- 
isotroplcally, the portion falling into the observed solid angle 

_7 

is only 10 ‘ . Therefore, bulk scattering can be neglected in com- 
parison to small-angle scattering, whereas in the integral reflec- 
tivity, it must definitely make itself felt. 

Re k ; In order to estimate the possible consequences of shading 
effects and multiple reflections of an equal order of magnitude, 
the Parthometer measurement described in B.5 was analyzed. A beam 
tracking program calculated for each given angle of incidence, the 
illuminated parts of the surface, its vertical dlotribution and 
correlation function. It turned out that the normally distributed 
surface is again normally distributed in the case of partial shading, 
although the width of the distribution (and thus the microroughness) 


bGOomeo comewhat omallor In the ease of a doareaoing angle of 
ineidencG. The correlation length as well as the moan value of 
the surface increase then. However, significant shading effects 
first showed up beginning with an incidence angle of circa 15 /6Q 

minutes of arc, about five times the rise derived from the sur- 
face parameters. Since the anticipated rises in the case of the 
well polished samples were situated still lower, the shading and 
multiple reflection effects cannot play any larger role in the 
nucleus. On the other hand, the deviations visible in Figure 
D.^1.1 for small reflection angles can be traced back to shading 
effects. 

Re 5 » The inadequacies in the test assembly described in C.k, 
especially the possible stray light in the Installation could be 
the cause of deviations. As described in C.4, the test assembly 
at the ZETA facility was substantially improved. With the changed 
layout the sample aerodur A was measured a second time. The com- 
parison of the data obtained with dlffex'snt facilities and a diff- 
erent test assembly discloses two things: 

1. When the diffraction numbers are greater than 5 minutes 

o 

of are/A, the scattering curves as well as the micro- 
roughness and the correlation lengths determined by the 
fitting procedure are equal within the limits of measure- 
ment accuracy. 

2. For small diffraction numbers, there are no possibilities 
of direct comparison^ however, the excess intensity could 
be somewhat hlgl ? for the measurements made at the ZETA 
facility. 


Besides the proof of the reproducibility of the scattering 
measurements, the conclusion is admissible that the deviations in 
the nucleus were not caused by the inadequacies in the test assembly 
described in C.4. The triangle In the nucleus appears, however, to 
depend on the geometry involved in the layout of the test assembly. 
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With fcho two x-ray fceofc faollifcles ZETk ana PANTER of the 
MPE, 170 scattering measurements wore on IH plane mirror samples 

o o 

at wavelengths between 13.6 A and 1»9 A and for incidence angles 
between 5 and 150 minutes of are. The slit image function was 
measured chiefly for reflection angles between ±20 minutes of arc. 

It turned out that the fundamental goals of this rosoarch, 
namely, on the one hand to Improve the diagnosis of measurements 
of rough surfaces, and on the other hand, to investigate the possi- 
bility of a bench test of the 80 cm telescope at high energies, and 
whether both objectives could bo pursued v»ith the same means. If 
e.g., we increase the incident photon energy, l.e., if we reduce 
the wavelength of the incident waves, then wo become sensitive to 
smaller structures on the surface. Like all diffraction processes, 
scattering is also dependent solely on the ratio of the angle of 
Incidence to the wavelength. In the text, this ratio is called the 
diffraction number. However, since the critical angle of the exter- 
nal total reflection of x-i’ay beams is approximately proportional 
to the wavelength, as the wavelength decreases, the incident beam 
must be flatter in order to obtain sufficient reflectivity, i.e., 
the diffraction number remains approximately constant, Thus, no 
Improvement in diagnosis is possible via higher energies. 

Nevertheless, to attain both goals, as broad gage a measure- 
ment program as possible was set up. On as many samples as possi- 
ble, small as well as large incidence angles and wavelengths were 
suitably permuted. In order to obtain good photon statistics even 
In the case of well polished samples, it was necessary to extend 
substantially the time spent in the measurement process. 

To describe the x-ray scattering measurements, the Raleigh 
vector perturbance theory was used after it had been 

determined that with regard to the special case of small roughness 
involved in this paper, the vector perturbance theory is equivalent 
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to the ocalar ourfaee Gcattering theory uoecl in the provlouo 
papero from this inotitute, The baole aoDartien of both theory 
la that ehe point imaBe function io directly proportional to the 
power opoctrum of the surface. 

In order to evaluate the Derloo of meaGuremonto, a procedure 
was developed in which all meaGuromonts on a sample wore collect- 
ively weighted and treated with a single parametric representation 
for microroughness and correlation length. A detailed error anal- 
ysiG makes it possible for the first time to determine together 
with the microroughness the correlation length of a sample also as 
well as the error in the two surface parameters, 

Clearly, the most important finding of this research is the 
conclusion that the results obtained for low energies (0.9-1. 5 keV) 
are in good agreement with the results obtained with high energies 
(^1.5-6. 5 koV), provided that the diffraction numbers are larger 

o 

than circa 5 minutes of arc/A. Under these assumptions, the scat- 
tering properties of a telescope measured in the air in a shop 
test should be entirely comparable with the properties manifest 
in the subsequent range of application. 

In the case of small dlffration numbers, an effect showed up 
which casts new light on the rating of x-ray mirrors by means of 
their scattering properties . In the range between ij; = ±5 minutes 
of arc the measurement points lie without exception above the cal- 
culated curves. The residues can be characterized by GauBsiC4.n 
curves whose intensity and angle distribution are only weakly 
dependent on wavelength and angle of incidence. Therefore, the 
excess intensity cannot be explained by scattering. This effect is 
important, since on the one hand, the expected astrophysical dust 
dispersion halos lie in ■ le same angle range (H. Spielgelhauer , 
private communication), and on the other hand, the resolving power 
of the mirror can be reduced by the continuing excess intensity /63 
under the nucleus. 
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A valid and cogont explanation for this effect still does 
not exist. The most obvious interpretation remains as before a 
reflection from long-wave irregularities (correlation lengths 
between 10 ym and 1 cm), whose flanks are circa 1 minute of arc 
steep. More precise information about the nature of this effect 
could result from a very exact two-dimensional measurement of the 
nucleus. Such an investigation is in preparation at the present 
time at the MPE. Unfortunately, it falls timewise outside the 
scope of the present paper. In order to clarify the range of the 
power spectrum which is Inaccessible to both optical and x-ray 
optical measurements, it would be desirable to make a sensitive 
Perthometer measurement of a well-polished sample (Bennet 1979 ). 

In order to accomplish this, it would be necessary to improve tht. 
technology of stylus measurements. 
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